Background. In treatment-naive, human immunodeficiency virus (HIV)-infected persons, combination antiretroviral therapy (cART) incorporating raltegravir (RAL) is highly effective for virologic suppression, but characteristics of immunologic recovery have not been described.
Rapid gains in CD4 T-cell numbers associated with combination antiretroviral therapy (cART) incorporating raltegravir (RAL) have been described in treatmentnaive patients with chronic human immunodeficiency virus (HIV) infection [1, 2] . Raltegravir belongs to a novel class of antiretroviral drugs that inhibit the HIV type 1 (HIV-1) integrase, a crucial enzyme involved in the life cycle of HIV [3] , and was approved by the US Food and Drug Administration for treatment-naive HIV-1-infected patients in 2009 [4] . RAL monotherapy with multiple doses for 10 days showed superior virologic control compared to placebo in treatment-naive individuals with chronic HIV infection [2] . Administered with a nucleoside backbone, RAL results in rapid suppression of HIV replication to <50 HIV RNA copies/mL within 4 weeks [2, 5] , and first-line RALcART regimens have proven durable efficacy and safety records [5] [6] [7] . Although RAL-cART leads to rapid gain in CD4 T-cell numbers [1, 2] , the resulting immunologic recovery in chronic HIV infection has not been fully characterized.
Chronic HIV infection is characterized by depletion of CD4 T cells and immune activation that often persists even after durable virus suppression with cART. In such situations, the immune activation is negatively correlated with immune reconstitution [8, 9] and is attributed to gut microbial translocation [10] ; plasma levels of soluble CD14 (sCD14) are increased and independently predict mortality in cART-treated HIV-infected individuals [11] . The objective of the present study was to evaluate the impact of RAL in first-line therapy on quantitative and qualitative immune reconstitution and on immune activation.
MATERIALS AND METHODS

Study Groups and Controls
This immunology substudy was performed in patient samples collected during 2009-2011 from participants in A009 (Clinicaltrials.gov: NCT00654147), a 48-week prospective, randomized, open-label pilot study of RAL-cART in treatment-naive chronically HIV infected patients with plasma HIV-1 RNA levels ≥5000 copies/mL. RAL 400 mg twice daily was administered in combination with either lopinavir 400 mg/ritonavir 100 mg twice daily (Kaletra) or emtricitabine 200 mg/tenofovir disoproxil fumarate 300 mg once a day. Participants were evaluated clinically, for CD4 counts, immunologic assessment, and virus load determinations at study entry (week 0) and at weeks 4, 8, 24, and 48. Fifteen patients, with a median age of 40 years (range, 21-53 years) with plasma HIV RNA levels 5.2 ± 5.3 log 10 copies/mL and mean absolute CD4 T cell counts 360.3 ± 201.5 cells/µL completed the immunology substudy for which both treatment groups were combined for data analysis. Peripheral blood mononuclear cells (PBMCs) and plasma samples were cryopreserved as per approved guidelines [12] . Because A009 did not have a randomized control arm, we utilized similarly processed and cryopreserved PBMCs and plasma samples collected during 2007-2008 from patients who had also achieved HIV-RNA suppression to <50 copies/mL at week 48 following treatment with either efavirenz or atazanavir sulfate and ritonavir in combination with 2 nonnucleoside reverse transcriptase inhibitors (non-RAL-cART). Participants in the RAL-cART and non-RAL-cART groups were similar in regard to age and immunologic and virologic characteristics prior to starting cART (Table 1) . Eight HIV-seronegative volunteers served as healthy controls. This study was approved by the University of Miami Institutional Review Board, and all participants provided written informed consent.
Analysis of Phenotypic Markers by Flow Cytometry
Thawed cryopreserved PBMCs were rested overnight, stained with cell surface markers against CD3, CD4, CD8, CD45RO, CD27, CCR7, HLA-DR, CD38, PD1, and CD25 (BD Biosciences) at room temperature, and were washed, fixed, and permeabilized for intracellular staining for Ki67. FoxP3 staining was performed using BD FoxP3 staining buffer as per the manufacturer's instructions. Violet fixable live/dead amine dye-PacBlue (ViViD, Molecular Probes) and appropriate isotype controls were included in staining panels for exclusion of dead cells and nonspecific staining [13] . Cells were acquired on a BD LSRII Flow cytometer (BD Biosciences) and analyzed using FlowJo software (TreeStar 8. 
FoxP3
+ [14] ). Immune activation markers (HLA-DR and CD38) and immune exhaustion marker PD1 were determined on CD4 and CD8 T cells and their maturation subsets [15] .
Intracytoplasmic Cytokine Production
PBMCs (1 × 10 6 cells) were incubated with 1 µg/mL each of anti-CD28 and anti-CD49d monoclonal antibodies (mAbs) and cultured alone (negative control) or with pooled overlapping HIV gag peptides (2 µg/mL each) or 50 ng/mL PMA ( phorbol 12-myristate 13-acetate) plus 1 µg/mL ionomycin ( positive control). Anti-CD107a antibody was added to the cells before stimulation [16] . Cultures were incubated for 6 hours at 37°C in 5% CO 2 in the presence of the secretion inhibitor monensin (0.7 µL/mL) and brefeldin A (10 µg/mL). PBMCs were washed; surface stained with mAbs for CD3, CD4, CD8, and ViViD; washed; permeabilized; and stained with mAbs specific for interferon gamma (IFN-γ), interleukin 2 (IL-2), interleukin 17 (IL-17), and interleukin 21 (IL-21) (BD Biosciences) for 30 minutes at room temperature. Total CD4 and CD8 T cells were analyzed for degranulation marker CD107a and intracytoplasmic cytokines. Boolean gate analysis was performed using the FlowJo platform to identify functional combinations of 1 or more functions.
Plasma Lipopolysaccharide Analysis
Lipopolysaccharide (LPS) levels were measured in ethylenediaminetetraacetic acid plasma by the use of the limulus amebocyte lysate chromogenic endpoint assay (Lonza Group Ltd). Ten microliters of plasma was diluted 1:10 in endotoxin-free water and heat-inactivated at 85°C for 15 minutes to inactivate inhibitory plasma proteins, and the assay was performed as per the manufacturer's instructions [9] together with the Escherichia coli endotoxin standard provided with the kit. Results were calculated after background subtraction to determine the endotoxin units (EU) per milliliter, and converted to picograms per milliliter using the formula 1 EU = 100 pg.
Plasma sCD14 Analysis
Plasma levels of sCD14 were quantified by Human sCD14 Immunoassay (R&D Systems). A 400-fold dilution of plasma was used for assay, and the results were expressed in picograms per milliliter [9] .
Statistical Analysis
A general linear mixed models procedure to perform a repeated measures analysis of variance with 1 between-subjects factor (groups) and 1 within-subjects factor (time). Contrasts were used to test for significant differences. Correlations between 2 variables were done using the Spearman correlation. Graphs were plotted using GraphPad Prism (version 6.02). P values <.05 were considered significant.
RESULTS
Plasma Viral Load Decreases and Absolute Numbers of CD4 T Cells Increase Within 4 Weeks After RAL-cART
At entry, plasma viral load ( pVL) was inversely correlated with absolute numbers of CD4 T cells (r = 0.54; P = .04). A rapid 3 log reduction in pVL was observed within 4 weeks of RALcART in the study groups, decreasing from 5.2 ± 5.3 log 10 copies/mL at baseline to 2.2 ± 2.4 log 10 copies/mL at week 4 after therapy ( Figure 1A ). Decline in pVL was associated with increase in absolute number of CD4 T cells within 4 weeks of therapy with continued increases through week 48 (P = .0005; Figure 1B ). Although mean absolute numbers of CD4 T cells at entry were similar among both treatment groups, the increase of CD4 T cells at 48 weeks was higher in the RAL-cART (258.8 cells/µL) than in the non-RAL-cART (168.6 cells/µL) group. Absolute CD4 T cells at week 48 were correlated with nadir CD4 T cells (r = 0.911; P < .0001). Absolute numbers of CD8 T cells did not change ( Figure 1C ). Correlation analyses of various markers at entry and week 48 after RAL-cART are shown in Table 2 .
Frequencies of T N and T CM CD4 T Cells Increase Whereas Frequencies of Tregs Decrease After RAL-cART
The rate of recovery of CD4 T N cells was slower than that of CD4 T CM cells. Whereas CD4 T N cells increase was noted only at 24 weeks ( Figure 1D ), CD4 T CM cells increases occurred within 4 weeks of treatment initiation ( Figure 1E ). Both subsets continued to increase through week 48 and their frequencies at week 48 were higher than in the non-RAL-cART group. No changes were noted for CD4 T EM and CD4 T E subsets (not shown) . Frequencies of circulating pTfh cells increased from week 4 through week 48, at which time the percentage of pTfh was higher in the RAL-cART group ( Figure 1F ). A decrease in the percentage of Tregs was noted at week 8 and these frequencies persisted at week 24 and week 48 ( Figure 1G ), and were significantly lower than in the non-RAL-cART patient group at week 48. At entry, pVL correlated with frequencies of Tregs ( Figure 1H ), and nadir CD4 T cells correlated with frequencies of naive CD4 T cells ( Figure 1I ).
Immune Activation and Exhaustion Decrease Rapidly After Therapy Initiation
The percentages of HLA-DR + CD38 + CD4 ( Figure 2A ) and CD8
( Figure 2B ) T cells were elevated at entry and were correlated with pVL (Table 2 ) and inversely with nadir CD4 count ( Figures 2C and 2D , respectively). Activated CD8 T cells at entry were also inversely correlated with absolute CD4 T cells at week 48 (r = −0.76; P = .0034). Percentages of both activated CD4 and CD8 T cells decreased within 4 weeks of RAL-cART initiation, and continued to decrease through week 48. Median fluorescence intensity (MFI) of HLA-DR and CD38 in CD4 and CD8 T cells also decreased within 8 weeks of therapy (not shown). At week 48, HLA-DR + CD38 + CD4 and CD8 T cells were lower in the RAL-cART than in the non-RAL-cART patient groups, but activated CD8 T cells remained higher in comparison to healthy controls. At entry, frequencies of CD4 and CD8 T cells expressing immune exhaustion marker PD1 were elevated and decreased within 4 weeks of treatment ( Figure 2E and 2F), with both subsets decreasing through week 48 to healthy control values, but in the non-RAL-cART group, their frequencies at week 48 were significantly higher. PD1 expression on CD4 and CD8 T cell correlated with pVL (Table 2) , and PD1 + CD4 T cells were correlated inversely with nadir CD4 counts ( Figure 2G ). The MFI of PD1 expression also followed a similar pattern (not shown).
Microbial Translocation Markers Decrease Significantly After RAL-cART
LPS and sCD14 levels were elevated at entry compared to healthy controls ( Figure 3A and 3B, respectively). Entry sCD14 levels were directly correlated with entry LPS levels ( Figure 3C ). LPS and sCD14 were inversely correlated with CD4 T-cell counts at entry ( Figure 3D and 3E). LPS levels decreased rapidly within 4 weeks of treatment ( Figure 3A ), but the decrease in sCD14 was evident only at week 24 and continued through week 48 ( Figure 3B ). At 48 weeks, levels of LPS and sCD14 were lower in RAL-cART-treated patients than in the non-RAL-cART group. Despite the rapid initial decline, LPS levels remained higher than in healthy controls at 48 weeks whereas sCD14 levels normalized. Levels of sCD14 at week 48 were inversely correlated with absolute numbers of CD4 T cells at entry ( Figure 3F ) and at week 48 ( Figure 3G ). LPS levels were directly correlated with corresponding levels of activated CD8 T cells (HLA-DR + CD38 + ) at week 48 (Table 2) .
Improvement in CD4 and CD8 T-Cell Function at Week 48
Improvement in HIV gag-specific CD4 and CD8 T cell function was noted in the RAL-cART group only at week 48, as evidenced by increase in IL-2, IFN-γ, and CD107a in CD4 ( Figure 4A -C) and CD8 T cells ( Figure 4D -F) that were higher than in the non-RAL-cART group. The cytokine profile increased from single function and low frequencies of with the more potent PMA + ionomycin stimulation but not with HIV gag stimulation, and increases noted at week 24 were sustained through week 48 and were higher compared to non-RAL-cART-treated patients ( Figure 5A ). Similar to the observation for Th17 cells, frequencies of IL-21-producing CD4 T cells also increased at week 48 preferentially in the RAL-cART group ( Figure 5B ). These results indicate an overall improvement of T-cell functions following initiation of RAL-cART.
DISCUSSION
Our data indicate that early pVL decay following RAL-cART is associated with significant improvement in the immune profile of chronically HIV-infected patients. As expected, an early indicator of immune reconstitution after antiretroviral therapy was the rapid increase [1, 2] in the absolute CD4 T-cell numbers at week 4 of therapy. The increase in CD4 cell numbers occurred in parallel with increase in T CM cells, important indicators of immune reconstitution [17, 18] , that preceded the gains in CD4 T N cells. Other findings of relevance are the significant role of RAL-cART in reversing HIV-associated damage by changing an unfavorable immune cell phenotype to a favorable one that was characterized by decrease in immune activation of T cells and in microbial translocation, concurrently with gains in CD4 T-cell numbers and function over the 48 weeks of the study. Qualitative improvement in T-cell function for CD4 and CD8 T cells was evidenced by increase in HIV gag-specific production of cytokines and degranulation, and of PMA-stimulated IL-21-and IL-17-producing CD4 T cells. Interestingly even within the small cohort, we could identify negative indicators of immune reconstitution, noting an activated immune phenotype of CD8 T cells, higher sCD14 and LPS, and lower nadir CD4 counts, adding to the accumulating evidence in favor of early treatment initiation and importance of immune status prior to treatment initiation. The early recovery of CD4 T cells with RAL regimens may increase the ability to improve the second phase of immune recovery [19, 20] . Although we cannot differentiate between thymic output and extrathymic expansion of cells, increasing numbers of CD4 T N cells is suggestive of improved immune regenerative capacity. Unlike T CM cells, which increased rapidly, significant increase in CD4 T N cells were observed only after 24 weeks of therapy, and are in agreement with earlier studies that have demonstrated slower increase in phenotypically naive lymphocytes in successfully treated HIV-infected adults in comparison with HIV-1 infected children [21, 22] . In this study, we also evaluated the impact of RAL-cART on phenotypically distinct T-cell subsets that mark different functional attributes. Within the T CM CD4 T cells, an expansion of CXCR5 + cells was observed. In recent studies, we and others have identified these CXCR5 + T CM CD4 T cells as a pTfh subset that is endowed with helper function for enabling B cells to produce antibodies following antigen stimulation or polyclonal activation [13, 23] . B-cell function was not evaluated in this study but reconstitution of the pTfh cells bodes well for humoral immune function, for example, responsiveness to vaccines such as influenza [13] . Similarly, a decrease in Tregs following RAL-cART is a favorable response to treatment, as increased frequencies of Tregs occur in patients with chronic HIV infection [24, 25] and are associated with reduced T-cell function. Consistent with previous studies [26] , we observed a direct association between pVL and Treg frequencies in these patients at study entry. An important feature of HIV infection is chronic immune activation that is negatively associated with immune recovery and positively associated with progression to AIDS [27, 28] and increased morbidity and mortality among individuals treated with cART [29, 30] . We examined HLA-DR and CD38 as markers of immune activation on CD4 and CD8 T cells. In our cohort, immune activation was evident at study entry, and RAL-cART resulted in a significant decrease in immune activation of CD4 and CD8 T cells within 4 weeks of therapy and continued to decrease through the course of the study. Notably, levels of activated CD4 and CD8 T cells at week 48 after therapy were lower in RAL-cART patients than in the non-RAL-cART group with normalization of activated CD4 T cells to levels in healthy controls. Reversal of CD4 immune activation is a significant achievement and is likely to favorably influence reconstitution of cell-mediated immune responses [13, 31] and to restore helper function for humoral immune responses [13] . We also examined PD1, a marker for both immune exhaustion and immune activation [15, 32] . Elevated PD1 expression in HIV-specific CD8 T cells [33, 34] and on HIV-specific CD4 T cells [35, 36] has been correlated with disease progression, viral loads, and inversely with CD4 counts. In longitudinal studies, control of viremia has been associated with reduced levels of PD1 on HIV-specific CD8 T cells, [33, 34] . Similar to immune activation, expression of PD1 decreased as early as 4 weeks of therapy initiation, emphasizing the rapid effects of RAL-cART on altering immune status. Interestingly, the decrease in PD1 expression on both CD4 and CD8 T cells at week 48 to levels comparable to healthy controls suggests that RAL-cART alleviates exhaustion of CD4 and CD8 T cells, with restoration of immune function.
Despite marked decrease in comparison to baseline, CD8 immune activation remained elevated in comparison to healthy controls at 48 weeks after treatment initiation. Several lines of evidence indicate that gut microbial translocation is a key contributor to immune activation and disease progression during HIV infection (reviewed in [10] ). Levels of LPS in HIV-infected individuals have been shown to correlate with sCD14, a marker of monocyte response to LPS and indicative of activation of both the adaptive and innate immune systems [37] . Plasma LPS and sCD14 levels decreased significantly after treatment with RAL-cART. At week 48, however, LPS levels were higher in our study cohort than in healthy controls, suggesting that despite evidence of immune restoration, gut healing requires a longer time. The low-level circulating LPS at week 48 could explain the persistence of CD8 T-cell immune activation observed in these patients. Gut-associated Th17 cells play an important role in the preservation of gut integrity [38, 39] , and peripheral Figure 3 . Markers of gut microbial translocation decrease starting from 8 weeks after combination antiretroviral therapy incorporating raltegravir (RALcART). Plasma lipopolysaccharide (LPS) and soluble CD14 (sCD14) levels were measured longitudinally and results were compared with those of non-RALcART controls (Aviremic) and healthy controls. LPS levels in plasma were quantified by limulus amebocyte assay and plasma sCD14 by ELISA. Plasma levels of LPS (A) and sCD14 (B) in RAL-cART patients and controls. Plasma levels of sCD14 correlate with plasma LPS levels at entry (C ). Inverse correlations between nadir CD4 with plasma LPS (D) and sCD14 (E ) at entry and sCD14 levels (F ) at week 48. Absolute CD4 at week 48 was inversely correlated with sCD14 at week 48 (G). Box plots represent median with 25th and 75th percentile borders; error bars represent 10th and 90th percentile means.
Th17 cells are negatively associated with HIV plasma viremia [40] but may not be reflective of gut Th17 cells. In our study, cellular analysis showed an increase in the IL-17-producing CD4 T cells of PBMCs at week 24, but the status of gut Th17 cells was not investigated.
A goal of antiretroviral therapy is to reverse immunologic damage caused by HIV infection, and identification of barriers to immune recovery remains an important objective in this context. In this study, entry criteria requiring low-level viremia with no restrictions for entry CD4 counts favored early treatment initiation. However, the actual range for both CD4 counts and viral load varied considerably among patients. Entry CD4 was found to be correlated with frequencies of T N CD4 T cells and had an inverse relationship to immune activation, immune exhaustion, and levels of LPS and sCD14 in plasma, thus reinforcing importance of early institution of cART in HIV infection. Importantly, LPS and sCD14 at entry as well as nadir CD4 counts were inversely correlated with CD4 counts at week 48, consistent with prior observations that the relationship of efficacy of cART correlates with nadir CD4 counts [19, 41, 42] . Another important consideration of cART is its impact on viral reservoirs. Although treatment in primary HIV infection has been shown to reduce HIV reservoirs [43, 44] , HIV reservoirs are relatively stable during chronic HIV infection with a very slow decay rate [45] . Treatment intensification with RAL in chronic HIV infection has led to conflicting results, and the Thawed peripheral blood mononuclear cells were stimulated with human immunodeficiency virus (HIV) gag pool (2 mg/mL) for 6 hours in the presence of monensin and brefeldin A and CD107a antibody. Medium alone was used as negative control. Cells were stained for CD3, CD4, and CD8 along with ViViD, and fixed, permeabilized, and stained intracellularly for IL-2, IFN-γ, and CD107a. CD4 and CD8 T cells were gated from live CD3 + cells and analyzed for the expression of different cytokines along with degranulation marker CD107a and the results were compared with those of aviremic controls not taking combination antiretroviral therapy incorporating raltegravir (RAL-cART) (Aviremic). A-F, Frequencies of HIV gag-specific CD4 T cells producing IL-2 (A), IFN-γ (B ), and CD107a (C ) and CD8 T cells producing IL-2 (D), IFN-γ (E), and CD107a (F ). Box plots represent median with 25th and 75th percentile borders, error bars represent 10th and 90th percentile means. G and H, Functional combinations in CD4 (G ) and CD8 (H ) T cells were identified after Boolean gating. Pie chart represents 1, 2, and 3 functions and bar chart shows 7 possible functional combinations of CD4 and CD8 T cells at week 48 after therapy.
role of primary therapy with RAL on reservoirs is unknown [46, 47] . Based on emerging evidence showing PD1 to be a marker of latently infected cells [48, 49] , one can speculate that the decrease in frequencies of PD1-expressing CD4 T cells may be associated with a decrease in HIV reservoirs in CD4 T cells. Studies are needed to understand the effect of RAL-cART in chronic infection on virus reservoirs, residual viremia, and virus replication in tissues and other lymphoid organs.
A limitation of this study is that the A009 did not have a randomized control arm, and thus we sought samples collected 2 years prior from a group of non-RAL-cART patients. Although not ideal, the 2 groups were matched for absolute CD4 T cells and plasma virus load at study entry ( Table 1 ). The samples from the non-RAL-cART group were older by about 2 years, but it is unlikely that the measurements of cell function and marker expression were affected, as we followed strictly regulated conditions for cryopreservation, with cell viabilities and recovery >80%, which is considered optimal by the Division of AIDS Immunology Quality Assessment program [12, 50] . Regardless of the limitations of the comparator group, the findings in the RAL-cART group independently offer important insight into the dynamics of immune recovery after potent cART that incorporates an integrase inhibitor. We found rapid reconstitution of immune parameters with a RAL regimen in a first-line treatment. It is possible that synergistic RAL effect on cART in pVL decay kinetics may be an important contributor to the immune reconstitution in these patients. The persistence of low levels of immune activation at week 48 suggests that collateral damage inflicted by HIV is not completely ameliorated in 48 weeks, underscoring the need for continued investigation of the etiology and management of immune activation and of mechanisms by which immune activation imparts quantitative and qualitative deficiency of the immune system. 
Notes
